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SPECIFICATION 
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ACQUISITION OF HIGH- 
TEMPORAL FREE-BREATHING MR 

IMAGES 

Background of Invention 

[0001] The present invention relates generally to an improved method for acquiring 
magnetic resonance images (MRI), and more particularly, to a method and 
apparatus to acquire high temporal resolution MR images that is particularly useful 
in cardiovascular MR examinations. 

[0002] When a substance such as human tissue is subjected to a uniform magnetic 
field (polarizing field B ), the individual magnetic moments of the spins in the 
tissue attempt to align with this polarizing field, but precess about it in random 
order at their characteristic Larmor frequency. If the substance, or tissue, is 
subjected to a magnetic field (excitation field B ^ ) which is in the x-y plane and 
which is near the Larmor frequency, the net aligned moment, or longitudinal 
magnetization, M , may be rotated, or tipped, into the x-y plane to produce a net 
transverse magnetic moment M^.A signal is emitted by the excited spins after the 
excitation signal B ^ is terminated and this signal may be received and processed 
to form an image. 

[0003] When utilizing these signals to produce images, magnetic field gradients (G C 
and C ) are employed. Typically, the region to be imaged is scanned by a 
sequence of measurement cycles in which these gradients vary according to the 
particular localization method being used. The resulting set of received NMR 
signals are digitized and processed to reconstruct the image using one of many 
well known reconstruction techniques. 
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[0004] Moving objects are particularly difficult to image, especially if an imaging plane 
is set in space with the object moving in and out of the imaging plane. Such 
imaging is especially difficult when a second periodic motion is added thereto. For 
example, imaging of objects in a subject which is breathing causes a periodic 
motion of internal structures, which is also further complicated by the beating 
motion of the heart if the structure is near the heart. 

[0005] Cardiovascular disease is the leading cause of morbidity and mortality in most 
industrialized nations today. Until recently, cardiac MR imaging methods have been 
of limited clinical value for several reasons. First, such methods had a relatively 
long acquisition time relative to the cardiac cycle which resulted in cardiac motion 
blurring. Second, the long duration of the imaging scan requires patients to hold 
their breath for unreasonably long periods to avoid motion artifacts due to 
respiratory motion. With the advent of segmented k-space fast gradient recalled 
echo (fgre) based sequences and, more recently, echo-planar imaging-based 
sequences, cardiac MR imaging has become more commonplace. 

[0006] Segmented k-space methods acquire data over several cardiac cycles in a 

single breath-held acquisition. Data is partitioned into several segments, with each 
segment acquired in successive R-R intervals. Within any given R-R interval, the 
same segment is repeatedly acquired at different time points within the R-R 
interval resulting in a movie of images covering the entire R-R interval, yet having 
a high temporal resolution. The development of interleaved echo planar imaging 
(also known as echo-train, or fast gradient recalled echo-train (fgret)) imaging 
methods has significantly reduced the required imaging scan times by permitting 
the collection of multiple k-space lines from each RF excitation (ETL). Roughly, 
either the acquisition time can be reduced by a factor of the ETL, thereby 
maintaining the same temporal resolution, or the temporal resolution can be 
increased by a factor of the ETL, thereby maintaining the same scan time. Typical 
breath-holding times are 1 2 to 1 6 seconds for fgre-based acquisitions and 6-8 
seconds for fgret-based acquisitions. The combined use of echo-train techniques 
with the segmented k-space acquisition allows for cardiovascular examinations to 
be performed using breath-hold techniques. 
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[0007] An example of such an examination is the MR-basecl exercise or 

pharmacologically-induced stress function examination which is an MR version of 
an electrocardiograph (ECC) based stress test. In stress function imaging studies, 
the patient is subjected to successively increasing levels of cardiac stress and once 
the heart rate has stabilized at the required stress level, MR images are obtained 
typically using breath-held, segmented k-space techniques. 

[0008] However, during the transition time between the successive stress levels there 
is a need to continuously monitor the patient for any abnormal cardiac function 
such as cardiac wall motion changes or ischemic-related cardiac events. While 
monitoring can be performed using the aforementioned breath-held technique, 
repeated breath-holding can be very exhausting for this class of patients. 
Therefore, there is a need for a fast MR acquisition method that can be used for 

*M monitoring during the transition periods between the successive stress levels. Such 

01 

gj a method must be able to acquire free-breathing images with sufficient spatial and 

temporal resolution to detect cardiac wall motion abnormalities related to ischemic 
events in near real-time. The high temporal resolution requirements is particularly 
important during a stress test when the cardiac cycle (R-R interval time) is 
significantly reduced due to the high heart rates encountered at higher stress 
levels. Typically, approximately 10 images per R-R interval are adequate to 
visualize the systolic phase. The spatial resolution requirement is approximately 3 
mm. or better to detect wall motion abnormalities. 

[0009] ECG-gating poses yet another obstacle. Such gating suffers from a number of 
problems such as operator dependence, inter-patient variability, detached ECG 
leads, and corruption of ECG signals due to noise from the imaging gradients. In 
situations where ECG-gating is problematic, one alternative is to use peripheral 
gating which is less complex and often more reliable than ECG-gating. However, 
peripheral gating suffers from the limitation of introducing a delay relative to the 
ECG-gating, so it is not possible to identify the exact moment of the cardiac R- 
wave. More generally, it would be desirable to have a technique which avoids 
having to detect any gating triggers in real-time. 
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[0010] One potential solution to this problem is MR fluoroscopy which employs an 
ungated fast imaging sequence, such as an interleaved EPI fgret, to acquire, 
reconstruct, and display data in real-time. Although MR fluoroscopy appears to be 
an appealing solution, computational requirements for rapid image reconstruction 
and display, together with spatial resolution requirements, restricts the maximum 
achievable frame rates to 1 2-1 5 frames per second which result in a temporal 
resolution of 66-85 ms. Such resolutions are unacceptable for heart rates of the 
order of 1 50-1 80 beats per minute (bpm) to effectively visualize the systolic 
phase. Another possible solution is to use a segmented k-space CINE sequence 
with a small views-per-segment (VSP) value. However, this still poses a problem in 
that it requires a large number of heartbeats to complete an acquisition, during 
which breathing artifacts can be significant. Therefore, this is also not a desirable 
solution to the problem. 

Summary of Invention 

[001 1] The present invention relates to a system and method for acquiring high 
temporal resolution, free-breathing cardiac MR images that solves the 
aforementioned problems. 

[0012] The invention uses a measure of the heart rate, which can either be entered by 
the user or directly obtained from the ECC or peripheral leads, as a prospective 
estimate for future R-R intervals. Data is acquired from an arbitrary point in the R- 
R interval rather than from the onset of an R-wave. 

[0013] 

The invention includes segmenting k-space acquisition to permit 
cardiovascular examinations which were previously not feasible due to the 
requirements of high temporal resolution and a short total acquisition time. The 
invention provides an examination using MR-based stress functions, which is an 
MR version of the widely-used ECC-based stress test. The patient is first subjected 
to successively increasing levels of cardiac stress leading to increased heart rates. 
Stress can be induced either by physical exercise or by the administration of a 
pharmaceutical, such as dobutamine. Once the heart rate has stabilized for a given 
stress level, the R-R interval is measured and recorded using standard ECG 
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equipment or peripheral pulse gating equipment. Once recorded, the ECG reading 
is disregarded by the MR scanner, and an MR scan is commenced in which MR data 
is acquired using the recorded R-R interval as a time period for acquisition 
irrespective of the start or end of the actual R-R interval. Data acquisition for the 
current segment continues as in a segmented CINE acquisition until the end of the 
expected R-R interval time is reached. The k-space views are updated for the next 
segment and the process continues until all data have been acquired. Image 
reconstruction and display commences when all data necessary to reconstruct the 
CINE data set have been acquired. By segmenting data and acquiring different 
segments and successive acquisitions, higher resolution images can be achieved. 

[0014] This method uses a virtual cardiac trigger by estimating an occurrence of the 

g end of a cardiac cycle by the measurement of the cardiac cycle time immediately 

if prior to the start of scan. In this manner, it is not necessary to actually wait for an 

£y ECG or peripheral gate trigger to complete a fast segmented k-space CINE scan 

J™ with high temporal resolution. If an adequate ECG-trigger exists during scanning 

or if peripheral pulse gating is used, the MR scanner may update the cardiac 

5 interval time periodically during the continuous acquisition. This updating of the 

^ cardiac cycle or interval time can be automated or be placed under manual, 

iy 

y* operator control. 

a. '"a 

y [001 5] In accordance with one aspect of the invention, a method of acquiring free- 

P 

breathing MR images includes monitoring heart rate of a subject just prior to 
image acquisition to acquire a time period of an R-R interval, and recording that 
time period from the heart rate monitoring to prospectively estimate future R-R 
intervals. The method next includes acquiring n sets of MR data, where the first MR 
data acquisition is commenced at any point in an R-R interval and extends for the 
time period recorded. 

[0016] 

In accordance with another aspect of the invention, an MRI apparatus to 
acquire high temporal resolution images includes a magnetic resonance imaging 
system having an RF transceiver system and a plurality of gradient coils positioned 
about the bore of a magnet to impress a polarizing magnetic field. An RF switch is 
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controlled by a pulse module to transmit RF signals to an RF coil assembly to 
acquire MR images. A computer is programmed to monitor heart rate of a patient, 
acquire a time period of an R-R interval of the heart rate, and store the time period 
of the R-R interval. The computer is also programmed to enable the MRI system 
and begin an MR scan of the patient at an arbitrary time in the R-R interval and 
continue the acquisition for a time comparable to the time period stored. An MR 
image can then be reconstructed with the MR data acquired over at least one R-R 
interval as estimated by the time period stored. 

[001 7] Yet another aspect of the invention includes a computer program having a set 
of instructions which, when executed by a computer, cause the computer to 
receive a time period signal indicative of an R-R interval representing a cardiac 
g cycle of a patient, and acquire a first set of partial MR image data during a first 

2 acquisition period equal to the R-R interval. A second set of partial MR image data 

£g is then acquired during a second acquisition period equal to the R-R interval, and 

then an MR image can be reconstructed by combining the first and second sets of 

%ssr 

CP partial MR image data. 

^ [0018] Since no physiological triggering is required with this approach, the pulse 

fy sequence does not need to be synchronized to the starting phase of the cardiac 

contraction cycle. This eliminates the need of attempting to acquire an ECC 
waveform and gate image acquisition to the R-R interval of the ECC waveform. 

n 

Since the ECG waveforms, or the signals acquired from the ECG, can be distorted 
by the application of magnetic gradients, the probability of inaccurate gating, and 
the blurred images that can result therefrom, is eliminated. 

[0019] Various other features, objects and advantages of the present invention will be 
made apparent from the following detailed description and the drawings. 

Brief Description of Drawings 

[0020] The drawings illustrate one preferred embodiment presently contemplated for 
carrying out the invention. In the drawings: 

[0021] 

Fig. 1 is a schematic block diagram of an NMR imaging system for use with the 
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present invention. 

[0022] Fig. 2 is a prior art timing diagram of a data acquisition sequence. 

[0023] Fig. 3 is a timing diagram of a data acquisition sequence according to the 
present invention. 

[0024] Fig. 4 is a flow chart of the technique of the present invention. 

Detailed Description 

[0025] Referring to Fig. 1 , the major components of a preferred MRI system 1 0 

incorporating the present invention are shown. The operation of the system is 
controlled from an operator console 1 2 which includes a keyboard or other input 
device 1 3, a control panel 1 4, and a display 1 6. The console 1 2 communicates 
through a link 1 8 with a separate computer system 20 that enables an operator to 
control the production and display of images on the screen 1 6. The computer 
system 20 includes a number of modules which communicate with each other 
through a backplane 20a. These include an image processor module 22, a CPU 
module 24 and a memory module 26, known in the art as a frame buffer for 
storing image data arrays. The computer system 20 is linked to a disk storage 28 
and a tape drive 30 for storage of image data and programs, and it communicates 
with a separate system control 32 through a high speed serial link 34. The input 
device 13 can include a mouse, joystick, keyboard, track ball, touch screen, light 
wand, voice control, or similar device, and may be used for interactive geometry 
prescription. 

[0026] 

The system control 32 includes a set of modules connected together by a 
backplane 32a. These include a CPU module 36 and a pulse generator module 38 
which connects to the operator console 1 2 through a serial link 40. It is through 
link 40 that the system control 32 receives commands from the operator which 
indicate the scan sequence that is to be performed. The pulse generator module 38 
operates the system components to carry out the desired scan sequence and 
produces data which indicates the timing, strength and shape of the RF pulses 
produced, and the timing and length of the data acquisition window. The pulse 



r 



generator module 38 connects to a set of gradient amplifiers 42, to indicate the 
timing and shape of the gradient pulses that are produced during the scan. The 
pulse generator module 38 also receives patient data from a physiological 
acquisition controller 44 that receives signals from a number of different sensors 
connected to the patient, such as ECG signals from electrodes attached to the 
patient. And finally, the pulse generator module 38 connects to a scan room 
interface circuit 46 which receives signals from various sensors associated with the 
condition of the patient and the magnet system. It is also through the scan room 
interface circuit 46 that a patient positioning system 48 receives commands to 
move the patient to the desired position for the scan. 

[0027] The gradient waveforms produced by the pulse generator module 38 are 

applied to the gradient amplifier system 42 having G , G , and G amplifiers. 

x y z 

Each gradient amplifier excites a corresponding physical gradient coil in an 
£0 assembly generally designated 50 to produce the magnetic field gradients used for 

spatially encoding acquired signals. The gradient coil assembly 50 forms part of a 
£j magnet assembly 52 which includes a polarizing magnet 54 and a whole-body RF 

coil 56. A transceiver module 58 in the system control 32 produces pulses which 
are amplified by an RF amplifier 60 and coupled to the RF coil 56 by a 
M? transmit/receive switch 62. The resulting signals emitted by the excited nuclei in 

m the patient may be sensed by the same RF coil 56 and coupled through the 

Q transmit/receive switch 62 to a preamplifier 64. The amplified MR signals are 

demodulated, filtered, and digitized in the receiver section of the transceiver 58. 
The transmit/receive switch 62 is controlled by a signal from the pulse generator 
module 38 to electrically connect the RF amplifier 60 to the coil 56 during the 
transmit mode and to connect the preamplifier 64 during the receive mode. The 
transmit/receive switch 62 also enables a separate RF coil (for example, a surface 
coil) to be used in either the transmit or receive mode. 
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[0028] 



The MR signals picked up by the RF coil 56 are digitized by the transceiver 
module 58 and transferred to a memory module 66 in the system control 32. When 
a scan is completed, an array of raw k-space data has been acquired in the 
memory module 66. As will be described in more detail below, this raw k-space 
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data is rearranged into separate k-space data arrays for each image to be 
reconstructed, and each of these is input to an array processor 68 which operates 
to Fourier transform the data into an array of image data. This image data is 
conveyed through the serial link 34 to the computer system 20 where it is stored in 
the disk memory 28. In response to commands received from the operator console 
1 2, this image data may be archived on the tape drive 30, or it may be further 
processed by the image processor 22 and conveyed to the operator console 1 2 and 
presented on the display 16. 

The present invention includes a method and system suitable for use with the 
above-referenced MR system, or any similar or equivalent system for obtaining MR 
images to acquire high-temporal resolution MR images that are not dependent on 
a patient breath-hold. The invention is particularly useful for cardiovascular MR 
exams. 

The high temporal, free-breathing MR images of the present invention are 
acquired by periodically monitoring an ECG to measure heart rate while the MR 
scanner is idle such that there is no interference between the magnetic gradients 
of the MR scanner and the ECG acquisition. During an MR-based stress function 
examination, in accordance with the present invention, a patient is first subject to 
successively increasing levels of cardiac stress which leads to an increased heart 
rate. The stress can be induced by either physical exercise or the administration of 
a pharmaceutical, such as dobutamine. The heart rate is then monitored with an 
ECG, and once the heart rate has stabilized at a desired stress level, this 
examination method includes recording a time period of an R-R interval to 
estimate future R-R intervals for MR data acquisition. That is, in order to avoid 
interference in acquiring ECG signals for ECG gating that can be caused by the 
magnetic gradients when scanning, once the desired stress level is reached, and 
the time period of an R-R interval is recorded, no further heart rate monitoring is 
required and the MR data can be immediately acquired. This non-gated MR data 
acquisition is performed using the time period recorded to estimate the R-R 
interval and acquire data over each such interval regardless of an actual R-R 
interval start and end. In other words, this MR data acquisition is not gated to an 



ECC trigger, and is therefore not susceptible to the inaccuracies that can be caused 
by the significant distortion of the ECC waveform when the magnetic gradients are 
applied. 

[0031] In accordance with the invention, k-space data acquisition is segmented across 
multiple R-R intervals. Preferably, the data acquisition is performed over a small 
number of R-R intervals where the heart rate can be assumed constant and 
breathing artifacts minimal. If there are n sets of MR data acquired, each frame of 
MR data acquired is partitioned, or segmented, and the pulse sequence partitions 
the raw data matrix (k-space) into n segments, and acquires each portion in 
successive R-R intervals. For example, in one embodiment where n=2, the upper 
and lower halves of the k-space data can be acquired in two successive heartbeats. 
Q Alternatively, using a modified echo-train trajectory, the even and odd numbered 

Ji? lines of the k-space matrix can be acquired in successive heartbeats. However, it is 

•Cfi noted that any appropriate segmentation of k-space that minimizes phase and 

^ amplitude differences at the transition boundaries can be used. 

03 [0032] Referring to Fig. 2, a convention real-time data acquisition scheme 100 is 

La. shown. In this example, 1 1 frames of data 102 are acquired in a single R-R interval 

^ 1 04. As a point of reference, each frame is acquired in a time T. As indicated by 

yg the position of frame 1 06, which starts the data acquisition 1 02, this acquisition is 

!f gated with the start of the R-R interval 108. However, the magnetic gradients from 

O 

the previous data acquisition 1 1 0 may significantly distort the reading of ECG 
signals to signify the start of the R-R interval 1 08 such that it is oftentimes difficult 
to properly gate the data acquisition to the true, accurate R-R interval 1 04. In 
many cases, the actual acquisition occurs at some later point, but due to the 
distortion, is not known. Since the distortion of the ECG signal is not necessarily 
the same with each data acquisition, if the k-space data is segmented and then 
combined, the resulting reconstructed image has significant blurring. 

[0033] 

Referring to Fig. 3, a real-time data acquisition scheme 120 in accordance with 
the present invention is shown in which an estimated R-R interval 122 is used for 
acquiring a set of data 1 24. Data is partitioned into n segments, where each 



Pagel0of25 



# 

segment is acquired in n successive R-R intervals. In one preferred embodiment, 
the acquisition time for acquiring each frame of data is T/2, and therefore twice as 
many frames can be acquired. However, to do so, data is partitioned into 
segments, where each segment is acquired in a successive R-R interval. In this 
manner, high temporal resolution images can be acquired even though the cardiac 
cycle is significantly reduced in length due to the high heart rate. In the example 
shown, 22 frames of data are fit within a single R-R interval to allow greater 
visualization of the systolic phase and provide greater spatial resolution to detect 
wall motion abnormalities without requiring breath-holding by the patient. During 
each estimated R-R interval 122, a portion of the k-space data is acquired for each 
frame 1 26. As indicated by frame 1 28 within the set of MR data 1 24, a first portion 
of the k-space is acquired, and in a second set of MR data 1 30, a second portion of 
the k-space is acquired as indicated in frame 1 32. In order to reconstruct the 
image, like-spaced frames in the estimated R-R interval 122 are combined with the 
successively acquired frames. For example, by combining frame 128 and frame 
1 32, a higher resolution image 1 34 can be obtained. In one embodiment, one-half 
of k-space image data can be acquired in each given segment where n=2, or one- 
third where n = 3, and so on. Alternately, even and odd numbered lines of k-space 
data can be acquired in successive R-R intervals. 

[0034] 

Referring to Fig. 4, a flow chart for acquiring high temporal resolution images 
in near real-time is shown. After monitoring the heart rate of a patient just prior to 
image acquisition, an R-R interval time is measured to acquire a time period from 
the current heart rate to estimate available R-R interval time 1 50, as previously 
described. That time period is then recorded, or stored in memory, to prospectively 
estimate the future R-R intervals. ECC monitoring can then stop, and the MR 
scanning can begin at an arbitrary time point in the R-R interval 1 52. The 
acquisition of the first data set can then begin at 1 54 by acquiring each individual 
data frame 1 56. An internal clock then monitors the time period for acquiring the 
data frames and continues to acquire data frames until the end of the estimated R- 
R interval 1 58, 160. At the end of the estimated R-R interval 1 58, 162, the system 
checks to see whether all data sets have been acquired 1 64, and if an additional 
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data set is to be acquired 1 66, acquisition of a successive data set begins at 1 68, 
and continues until the end of the next estimated R-R interval 1 58, 1 62. Once all 
data has been acquired 1 64, 1 70 the scan is complete and the images can be 
reconstructed at 1 72. If additional scans are desired 1 74, the aforementioned 
algorithm is repeated. If not, the images are displayed at 1 76 to complete an 
examination. 

[0035] Accordingly, the present invention includes a method of performing an 

examination which includes subjecting a patient to successively increasing levels of 
cardiac stress while monitoring the heart rate of the patient. Once the heart rate is 
stabilized at a desired stress level, the examination method includes recording a 
time period of an R-R interval, and then acquiring non-gated MR data using the 
time period recorded to an estimate R-R interval. The step of acquiring MR data 
can include acquiring segments of each frame of data over successive R-R 
intervals. In this case, the system includes combining the segments of each frame 
to reconstruct an image with high temporal resolution without requiring patient 
breath-holding. 

[0036] invention includes a computer program for use with an MRI scanner that 

has a computer, such as a configuration described with reference to Fig. 1 , wherein 
the computer program has a set of instructions that, when executed, causes the 
computer to receive a time period signal indicative of an R-R interval representing 
a cardiac cycle of a patient, and then to acquire a first set of partial MR image data 
during a first acquisition period equal to the R-R interval. The computer program 
then causes the computer to acquire a second set of partial MR image data during 
a second acquisition period, also equal to the R-R interval. The computer program 
has instructions to reconstruct an MR image by combining the first set of partial 
MR image data with the second set of partial MR image data. As one skilled in the 
art will readily recognize, this aspect of the invention is not limited to acquiring 
two sets of partial MR image data, and may be extended to third, fourth, fifth, and 
so on, partial MR image data sets. In general, the computer program is designed to 
acquire n sets of partial MR image data, where each frame of data in a partial MR 
data set is acquired at a similar time of a corresponding frame of data in each of 



the partial MR data sets during an R-R interval. 

[0037] The acquisition of MR data with such a system is advantageous as it is not 

gated to an ECG trigger signal and each set of partial MR data is acquired at a time 
irrespective of the start or end of an R-R interval. The k-space data can be 
segmented in any number of ways, two examples of which include either acquiring 
one-half of the k-space data for a given segment where n=2, or acquiring even 
and odd numbered lines of k-space data in successive R-R intervals. The invention 
can be extended such that the computer program can cause the computer to 
monitor heart rate and generate an R-R time period indicative of a current R-R 
interval in a patient while the MR scanner is idle. The program periodically 
monitors heart rate and generates an R-R time period after the acquisition of MR 
data is complete. It is therefore not necessary to acquire ECG signals while the MR 
scanner creates the magnetic gradients that can interfere with the ECG waveform. 

[0038] An MRI apparatus is disclosed to acquire high temporal resolution images that 
includes an MRI system having a computer, such as that disclosed with reference to 
Fig. 1 . The computer is programmed to monitor heart rate of a patient, acquire a 
time period of an R-R interval of the heart rate, and to store the time period of the 
R-R interval. The computer is also programmed to enable the MRI system and 
begin an MR scan of the patient at an arbitrary time in the R-R interval. MR data is 
acquired for a time comparable to the time period stored. The computer then 
reconstructs an MR image with the MR data acquired over an R-R interval as 
estimated by the time period. The computer can be further programmed to 
segment data acquisition such that a portion of data is acquired during each 
acquisition and then combined to reconstruct an MR image with higher resolution. 
In general, the computer is programmed to acquire n sets of MR data, each having 
m frames, where each frame is segmented into n segments and the m frames fit 
within one R-R interval. 

[0039] 

In a preferred embodiment, the computer is programmed to apply a fast 
gradient-recalled echo pulse sequence or a steady state free precession pulse 
sequence, which are two examples of pulse sequences that allow significantly 



reduced imaging scan times by permitting the collection of multiple k-space lines 
from each RF excitation. One skilled in the art will readily recognize that other 
pulse sequences that allow the collection of segmenting k-space data are equally 
applicable. 

[0040] Since no physiological triggering is required with the present invention, the 
pulse sequence need not be synchronized to the starting phase of the cardiac 
contraction cycle. As previously described, the pulse sequence used employs a 
segmented k-space echo-train data acquisition scheme. Since the data is 
partitioned into n segments, the temporal resolution is n times that obtained using 
MR fluoroscopy for the same spatial resolution. For example, if the number of 
heart beats for an acquisition is n, the sequence repetition time is TR, the echo 
p train length is ETL, and the total number of lines in the data matrix is YRES, then 

jr the temporal resolution of the sequence can be found by dividing the views per 

03 segment (VSP) by the echo train length (ETL) and multiplying the result by the 

sequence repetition time (TR) as follows: 
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[0041] (VPS/ ETL) x TR (Eqn. 1); 



[0042] where VPS is the total number of lines in the data matrix divided by n. 
M 1 Therefore, the temporal resolution of the sequence can be given as: 



[0043] (YRES x TR) / (ETL x n) (Eqn. 2). 

[0044] Using typical parameters such as an echo train length (ETL) of eight, an image 
matrix of 1 28 x 96 with phase FOV equal to 0.5 such that the total number of lines 
in the data matrix (YRES) is 48 and a sequence repetition time (TR) of 1 1 ms., the 
temporal resolution achievable for n=2 is 33 ms. For n=4, the temporal resolution 
is 1 6.5 ms. Such values for temporal resolution are adequate for heart rates up to 
1 80 pbm for n = 2, and even higher for larger n values. MR fluoroscopy can be 
treated as a special case with n=l , resulting in a temporal resolution of 66 ms. 

[0045] T | ie present invention has been described in terms of the preferred 

embodiment, and it is recognized that equivalents, alternatives, and modifications, 
aside from those expressly stated, are possible and within the scope of the 
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appending claims. 
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